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INTRODUCTION 


Block  copolymers  present  a  variety  of  morphology 
arising  from  microphase  separation  of  constituent  blocks 
into  spheres,  cylinders,  or  lamellae.  With  a  change  in 
temperature  such  an  ordered  structure  can  be  transformed 
into  disordered,  homogeneous  phase.  *  When  a  diblock 
copolymer  AB  is  mixed  with  a  homopolymer  A,  the  mixture  may 
either  exist  as  an  (ordered  or  disordered)  single  phase  or 
undergo  a  macrophase  separation.  The  temperature  of 
order-disorder  transition  of  the  microdomain  structure  is 
also  affected^’^  by  the  addition  of  the  homopolymer.  Thus, 
the  phase  diagrams^  of  mixtures  containing  a  diblock 
copolymer  and  a  homopolymer  exhibit  a  fascinating  complexity 
involving  macroscopic  and  microscopic  phase  separations. 

In  the  present  study  we  are  interested  in  one  part  of 
the  overall  phase  diagram,  namely  that  involving  small 
amounts  of  copolymer  mixed  with  much  larger  amounts  of 
homopolymer.  This  region  of  the  phase  diagram  was 

ij 

investigated  in  least  detail  in  our  previous  study. 
Typical  features  of  behavior  found  in  this  work  may  be 
summarized  as  follows.  When  the  block  copolymer  content  is 
very  low,  all  the  copolymer  molecules  are  molecularly 
dissolved  in  the  homopolymer,  resulting  in  a  single  phase 
mixture.  With  increase  in  the  copolymer  content,  eventually 
a  point  is  reached  (the  critical  micelle  concentration)  at 
which  the  homopolymer  is  unable  to  solubilize  any  additional 


copolymer  molecules.  Beyond  the  CMC  the  excess  copolymers 
segregate  to  form  microdomains,  or  micelles,  dispersed  in 
the  homopolymer-rich  matrix.  These  micelles,  presumably  of 
spherical  shape,  consist  of  the  central  core  comprising 
predominantly  of  copolymer  B  blocks,  and  the  surrounding 
shell,  or  corona,  within  which  copolymer  A  blocks  and 
homopolymer  A  molecules  are  intermixed.  In  the  dilute 
suspension  of  such  micelles,  aggregation  (or  flocculation) 
of  the  micelles  themselves  is  discouraged,  owing  to 
unfavorable  entropic  factors-*  which  come  into  play  when  the 
coronae  of  neighboring  micelles  overlap.  Further  increase 
in  the  amount  of  added  copolymer  may  eventually  lead  to  the 
onset  of  macroscopic  phase  separation,  giving  rise  to  two 
coexisting  phases,  one  of  them  (the  "solid-like"  phase) 
containing  ordered  arrays  of  densely  packed  micelles  and  the 
other  (the  "liquid-like"  phase)  consisting  of  a  dilute 
suspension  of  independent  micelles. 

In  a  recent  publication^  (Part  I  of  the  present  series) 
we  have  shown  that  small-angle  X-ray  scatttering  technique 
can  be  utilized  to  determine  the  characteristics  of  block 
copolymer  micelles  suspended  in  a  homopolymer  matrix. 
Applying  the  technique  to  the  mixtures  containing  a  low 
molecular  weight  poly  butadiene  and  a  styrene-butadiene 
diblock  copolymer  consisting  of  approximately  50%  styrene, 
we  evaluated  the  following  parameters  characterizing  the 


micelles  as  a  function  of  temperature  and  copolymer 
concentration:  the  critical  micelle  concentration,  the 

radius  of  gyration  of  the  core,  the  degree  of  swelling  of 
the  core,  the  number  of  copolymer  molecules  per  micelle,  and 
the  number  of  micelles  per  unit  volume  of  the  mixture.  In 
the  present  work  we  apply  the  technique  to  two  further 
series  of  mixtures  containing  the  same  poly  butadiene  and  one 
of  two  other  styrene-butadiene  diblock  copolymers 
(consisting  of  25%  and  75%  styrene,  respectively).  The 
three  diblock  copolymers  have  about  the  same  molecular 
weight,  and  the  results  thus  reveal  the  effect  of  block 
lengths  on  the  micelle  characteristics.  Recently,  theories 
of  block  copolymer  micelle  formation  were  developed  by  two 
groups?’®  of  workers,  and  in  a  separate  paper^  we  make  a 
detailed  comparison  of  the  results  obtained  here  with  the 
prediction  of  the  theory  by  Leibler  et  al.? 

EXPERIMENTAL  SECTION 

Characterization  data  for  the  polymers  used  are 
summarized  in  Table  1.  The  butadiene  homopolymer  is  sample 
CDS-B-3  obtained  from  Goodyear  Chemical  Company,  who  also 
provided  its  characterization  data.  The  three 
styrene-butadiene  block  copolymers  were  kindly  synthesized 
for  us  by  Dr.  H.  L.  Hsieh  of  Philips  Petroleum  Company,  who 
supplied  the  molecular  weight  and  Mw/Mn  data.  The  styrene 
contents  were  investigated  in  this  laboratory  using  a 


Varian  T60A  NMR  spectrometer.  In  general,  the  results  of 
our  analysis  agree  well  with  those  of  Krause  et  al.1^  who 
have  performed  an  independent  characterization  of  the  same 
samples. 

As  the  styrene  content  of  the  copolymers  is  decreased, 
the  solubility  of  copolymer  in  the  homopolymer  is  increased. 
Thus  at  room  temperature  it  was  found  that  the  CMC  was  7.8%, 
0.26%,  and  0.10%  for  the  mixtures  containing  samples  25/75, 
50/50,  and  75/25,  respectively.  Accordingly,  the 
composition  ranges  of  interest  in  the  present  work  are 
different  for  the  three  copolymers  studied,  and  the 
copolymer  concentration  ranges  varied  between  7.5%  and  22% 
for  sample  25/75,  between  0.5%  and  8%  for  sample  50/50,  and 
between  0.5%  and  3%  for  sample  75/25. 

All  samples  were  prepared  by  mechanical  mixing  under 
vacuum  at  temperatures  between  200°C  and  220°C.  This  use  of 
elevated  temperatures  was  to  ensure  that  the  mixture  was  in 
a  region  of  the  phase  diagram  corresponding  to  a  single 
homogeneous  phase  in  order  that  intimate  mixing  of  copolymer 
and  homopolymer  was  achieved  before  the  formation  of 
micelles  on  subsequent  cooling. 

All  the  scattering  data  obtained  at  various 
temperatures  thereafter  were  independent  of  the  thermal 
history  of  the  sample  as  long  as  the  opportunity  for  thermal 
degradation  by  exposure  to  high  temperature  was  avoided. 
Some  of  the  measurements  were  performed  over  a  time  period 


varying  from  20  minutes  to  14  hours  after  attainment  of  a 
constant  temperature,  and  yet  no  observable  change  could  be 
noticed  with  elapse  of  time.  We  believe  the  phenomena 
reported  here  correspond  essentially  to  equilibrium 
conditions. 

All  scattering  curves  were  obtained  using  a  Kratky 
camera  coupled  with  a  Tennelec  one-dimensional  position 
sensitive  detector  and  its  associated  electronics.11 
Nickel-filtered  CuKa  radiation  supplied  by  a 
Philips  XRG  3100  generator  operating  at  45kV  and  35mA  was 
used  throughout.  After  transferring  to  a  PDP  11/23 
laboratory  computer,  the  data  was  subjected  to  various 
manipulations,  including  applying  corrections  for 
non-uniformity  of  the  detector  sensitivity  along  its  length 
and  for  absorption  of  the  primary  beam  by  the  sample.  This 
was  followed  by  scaling  to  absolute  units  using  a  Kratky 
Lupolen  standard,  and  correction  for  slit-length  collimation 
error  using  Strobl's  algorithm.12 

In  all  cases  a  background  corresponding  to  that 
obtained  from  polybutadiene  homopolymer  at  the  same 
temperature  was  subtracted  from  the  scattering  curves.  The 
effect  of  using  only  the  pure  polybutadiene  scattering  as 
background  is  to  neglect  possible  contributions  from 
copolymer  molecules  dissolved  in  the  homopolymer-rich  phase. 
This  is  certainly  justifiable  when  the  CMC  is  low,  although 
it  is  not  obvious  that  it  should  remain  so  when  the  CMC  is 
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of  the  order  of  several  percent.  To  assess  the  effects  of 
neglecting  this  additional  contribution,  we  compared  scattering 
curves  of  mixtures  containing  sample  25/75  at  30°C  that  were 
obtained  by  subtracting  only  a  poly  butadiene  background  with 
those  obtained  after  subtracting  the  measured  scattering  of  a 
mixture  at  the  CMC  (in  this  case  7.8%).  The  micelle  radii 
deduced  by  these  two  methods  showed  very  good  agreement,  and 
therefore  the  simpler  approach  of  subtracting  a  pure 
poly  butadiene  background  was  adopted  for  all  mixtures. 

ANALYSIS  OF  DATA 

The  z-average  radius  of  gyration  R  of  the  micelle  core  was 

o 

determined  in  Part  I  by  analyzing  the  scattered  intensity  I(s) 
according  to  the  Guinier  law 

I(s)  =  1(0)  exp  (-i|7T2R|s2/3 )  (1) 

where  s  is  equal  to  2  sin  0/A.  The  Guinier  law  is  valid  for  a 
very  dilute  suspension  of  independent  particles.  When,  at  any 
finite  concentration,  the  particles  interact  with  each  other  and 
their  positions  in  space  are  no  longer  random,  the  effect  of 
interference  of  X-rays  scattered  by  individual  particles  leads  to 
deviation  from  equation  (1).  More  generally,  the  intensity 
scattered  from  unit  volume  of  an  isotropic  material  containing  N 
identical  particles  can  be  written  as 

I(s)  =  N  )F( s)  |2S( s)  (2) 

where  F(s)  is  the  single  particle  form  factor  and  S(s)  denotes 


the  interference  function  defined  by 


S(s)  =  ( 1/ N ) £  n,exp  (2T,isCnn*^  (3) 

For  a  dilute  system,  where  the  positions  of  the  particles  are 
random  in  space,  S(s)  is  equal  to  unity  for  all  s  and  hence  th*. 
scattered  intensity  reduces  to  N]F(s)|^,  which  can  then  be 
approximated  by  the  Guinier  equation  (1)  for  small  s.  At  finite 
concentrations  S(s)  falls  below  unity  for  small  s,  and  the 
possible  methods  for  correcting  for  this  interparticle 
interference  effect  were  discussed  by  a  number  of  workers. ^3-15 
For  our  system,  the  most  satisfactory  approach  appears  to  be  one 
based  on  the  Percus-Yevick  solution  of  hard-sphere  fluids. 

The  Percus-Yevick  integral  equation1®  provides  an  excellent 
approximation  for  calculating  thermodynamic  functions  of  fluids 
of  interacting  particles.  Moreover,  the  solution  of 
Percus-Yevick  equation  for  hard-sphere  fluids  can  be  obtained  in 
closed  form.  The  scattering  function  calculated  from  the 
Percus-Yevick  approximation  was  already  utilized  to  analyze 
scattering  data  from  microemul sions1^  and  from  bulk  block 
copolymers1®  having  ordered  microdomain  structure.  Recently, 
Leibler  and  Pincus^  estimated  the  potential  energy  of  interaction 
of  two  block  copolymer  micelles  from  the  consideration  of  the 
overlap  of  segments  belonging  to  the  coronae  as  they  approach 
each  other.  The  calculated  potential  energy  curve  as  a  function 
of  the  inter-micellar  distance  is  very  steep,  and  can  justifiably 
be  approximated  by  a  hard-sphere  potential. 
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For  a  spherical  particle  of  radius  F  the  form  factor  is 
given  by 

F(s)  =  (£p/2tt2s3)  [sin(27rsR)  -  2'sR  cos(2~sR)]  (4) 

where  £p  is  the  difference  in  electron  density  between  the 

particle  and  the  surrounding  medium.  |  F(s)  |2  given  by 

equation  (4)  exhibits  steep  minima  at  regular  intervals  of  s 

beyond  the  Guinier  region.  No  corresponding  minima  were  observed 

in  our  X-ray  data  and  we  attribute  this  to  the  non-uniformity  of 

the  core  radii.  The  scattering  function  for  fluids  of 

polydisperse  hard  spheres  was  recently  calculated  in  the 

Percus-Yevick  approximation  by  Vrij  and  coworkers1 ^ * 20  and  by 
P  1 

Blum  and  Stell.  A  similar,  but  more  approximate,  expression 
was  also  derived  by  Kotlarchyk  and  Chen22  on  the  assumption  that 
the  position  of  the  particles  in  the  fluids  are  uncorrelated  to 

the  particle  size.  With  our  system  the  single  particle  form 

factor  is  related  to  the  radius  R  of  the  micelle  core,  while  the 
interparticle  interference  is  governed  by  the  effective 
hard-sphere  radius  R^g  which  is  approximately  equal  to  the 
overall  radius  of  the  micelle  including  the  corona.  The  size 
distributions  of  R^g  and  R  are  not  well  correlated  to  each  other 
since  the  thickness  of  the  corona  depends  on  the  length 

distribution  of  the  copolymer  A  blocks  but  the  core  radius  does 
not.  With  our  system,  therefore,  it  would  be  more  appropriate  to 
use  the  Kotlarchy k-Chen  approximation22  rather  than  the  more 
exact  results  of  Vrij  and  Blum.  Moreover,  the  Kotlarchy k-Chen 
approximation  requires  much  less  computation,  and  yields 


scattering  curves  which  are  practically  indistinguishable  from 
the  exact  results  except  at  very  small  angles  which  are  below  the 
range  of  our  measurements. 

For  a  polydisperse  collection  of  particles  equation  (2)  is 
replaced  by 

I(s)  =  N  < | F( s )  |2  >  S • ( s )  (5) 

where  S'(s)  is  now  the  "apparent*  interference  function.  When 
the  particle  size  and  the  position  are  uncorrelated,  S'(s)  can  be 
written  as 


S* ( s)  =  1  +  S(s)  tSav(s)  -  1]  (6) 

where 

8(s)  =  | <F( s) > |2/< |F(s)  |2>  (7) 

and  Sav^s^  is  the  monodisperse  interference  function  for 
particles  of  some  average  radius. 

To  evaluate  the  averages  of  the  form  factor  F(s)  indicated 
by  equations  (5)  and  (7),  we  assume  the  micelle  core  radii  to  be 
distributed  according  to  the  Flory-Schulz  distribution 

W(R)  =  (1/Z!)bz+1Rz  exp  (-bR)  (8) 

The  parameter  Z  characterizes  the  width  of  the  distribution,  with 
a  value  of  Z  =  <»  corresponding  to  a  delta  function.  The 
parameter  b  is  related  to  the  reciprocal  mean  radius,  i.e., 
b  =  (Z+1)/<R>.  The  moments  of  R  about  the  origin  are  given  by 


<RP>  r  (Z+p) I / ( Z !bP) 


(9) 


The  Flory-Schulz  distribution  is  chosen  here  for  its  convenience, 
since  it  allows  analytical  evaluation  of  the  integrals  required 
for  |<F(s)>|2  and  < | F ( s ) I  2 >  when  F(s)  is  given  by  equation  (4). 
The  resulting  explicit  expressions  can  be  found  in  the 
literature. 22,23 

For  the  monodisperse  interference  function  Say(s)  we  utilize 

the  closed-form  solution  to  the  Percus-Yevick  approximation  for 

?  u 

hard-sphere  fluids  given  by  Ashcroft  and  Lekner, 

Say(s)  =  [  1  +  2ilCG(A,C)/A]’1  (10) 

where  £  is  the  hard-sphere  volume  fraction  equal  to 
N(4tt/3)<Rhs>3,  <Rhs>  being  the  average  hard-sphere  radius,  and  A 
is  equal  to  4tts<Rhs>.  G(A,£)  is  a  function  of  A  and  £  ,  and  its 
explicit  expression  can  be  found  in  the  original  paper21*  (see 
also  Kinning  and  Thomas1®). 

Our  theoretical  model  for  the  calculation  of  intensity  I(s) 
then  consists  of  equation  (5)  in  conjunction  with  equations  (4), 
(6)-(8),  and  (10).  The  calculated  intensity  was  fitted  to  the 
experimental  data  by  adjusting  the  four  parameters  —  Z,  <R>, 
<RHS>  and  the  scalinS  constant  (the  latter  being  related  to  the 
product  N (A  p ) 2 )  —  to  determine  their  best  values.  Numerically 
this  was  accomplished  by  minimizing  the  deviation 

£2  =  ECi/°2<s>]  CI0b5(»)  -  lcaic<»»2  (11) 

where  I0t>s(s)  is  the  slit-desmeared  intensity  and  o(s)  is  the 
error  associated  with  I0b8(s)  as  a  result  of  the  counting 
statistics  and  its  propagation  thorugh  the  sli t-desmearing 
computation . 1 2 


The  following  two  examples  illustrate  the  steps  we  adopted 
for  achieving  this  four-parameter  minimization  procedure.  The 
data  in  Figure  1  were  obtained  with  a  mixture  containing  8% 
sample  50/50  and  Figure  2  with  a  mixture  containing  3t  sample 
75/25,  both  at  30°C.  The  solid  curves  are  the  best  fitting 
curves  obtained  by  the  four-parameter  minimization  procedure  (the 
best  values  of  the  parameters  obtained  are:  Z  =  55, 

<R>  =  8.96nm,  <R^g>  =  15.7,  and  N(Ap)^  =  0.0323  electron2/nm^  for 
Figure  1,  and  Z  =  6,  <R>  =  8.41  ,  <RHS>  =  11.8,  and 

N(Ap)2  s  0.0108  for  Figure  2).  The  broken  curves  were  obtained 
with  the  assumption  of  monodisperse  core  diameters,  that  is,  by 
forcing  Z  =  ^  (the  best  values  of  the  parameters  obtained  are 
<R>  =  9.4nm,  <RHS>  =  16.5,  and  N(Ap)2  =  0.0301  electron2/nm^  for 
Figure  1,  and  <R>  r  13.4,  <RHS>  =  18.8,  and  N(Ap)2  =  0.0054  for 
Figure  2).  In  the  case  of  Figure  1,  where  the  concentration  of 
copolymer  is  moderately  high,  the  interparticle  interference 
causes  the  peak  to  appear  at  s  =  '  0.027nm“1,  and  <RHS>  is 
essentially  determined  by  the  position  of  the  peak  irrespective 
of  the  assumption  of  polydi spersity  or  monodispersity .  In  the 
case  of  Figure  2,  where  the  concentration  of  copolymer  is  low, 
the  interparticle  interference  effect  is  very  small,  and  the 
choice  of  the  value  of  <R^g>  is  dictated  primarily  by  the 
scattering  curve  at  small  angles,  and  does  not  substantially 
affect  the  shape  of  the  curves  at  higher  angles.  Subsequently, 
therefore,  we  evaluated  <R^g>  first  under  the  monodisperse 
assumption,  and  the  same  fixed  value  of  <RHg>  was  then  utilized 
to  seek  the  best  values  of  the  other  parameters. 
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The  monodisperse  curves  totally  fail  to  fit  the  observed 
data  at  high  s.  The  fit  is  greatly  improved  by  introducing  the 
polydispersity  but  still  some  discrepancies  remain.  (Note  that 
the  ordinate  in  Figures  1  and  2  is  in  logarithmic  scale,  so  that 
the  discrepancy  at  high  s  is  exaggerated.)  The  best  values  of  Z 
obtained  indicate  that  the  polydispersity  is  fairly  large, 
especially  in  the  case  of  the  data  shown  in  Figure  2.  In  the 
model  we  have  not  included  the  possibility  of  the  boundary 
between  the  core  and  the  corona  being  diffuse.  Our  previous 
analysis1 of  the  small-angle  X-ray  data  obtained  with  bulk  or 
concentrated  block  copolymer  samples  showed  the  interface  to  be 

O 

relatively  snarp  (between  5  to  9A).  The  effect  of  including  the 
diffuse  interface  into  the  model  is  to  multiply 1  *  ‘'8,25,26  the 
single  particle  form  factor  (4)  by  exp(-4Tr2a2s2)  where  o  is 
proportional  to  the  thickness  of  the  interface.  The  intensity 
calculated  by  equation  (5)  would  then  decrease  more  rapidly  with 
increasing  s  when  the  interface  is  more  diffuse.  If  we  had 

O 

assumed  the  interface  thickness  to  be  about  20A,  as  suggested  by 
some  other  workers, 2^"^3  we  WOU2q  have  required  much  smaller 
values  of  Z  (implying  unreasonably  large  polydispersity)  in  order 
to  be  able  to  fit  the  observed  curves  at  high  angles. 

Finally  we  give  a  brief  remark  about  how  the  radius  of 
gyration  obtained  by  the  present  curve  fitting  method  compares 
with  the  value  obtainable  from  the  Guinier  analysis  by  use  of 
equation  (1).  When  the  two  methods  were  applied  to  the  data 
obtained  with  the  mixture  containing  4%  of  sample  50/50,  the 
z-average  radius  of  gyration  obtained  by  the  Guinier  analysis 
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(and  reported  in  Part  I)  was  larger  by  at  most  2%  than  the  value 
determined  by  the  present  curve  fitting  method.  Similar  good 
agreements  were  realized  with  all  the  data  obtained  with  samples 
25/75  and  50/50  (both  of  which  gave  fairly  large  Z  values,  namely 
fairly  narrow  polydispersity ,  on  curve  fitting).  Such  good 
agreements  arise  partly  from  a  fortunate  cancellation  of  errors. 
With  moderate  concentration  of  particles,  the  interference 
function  S(s)  or  S'(s)  deviates  appreciably  from  unity  only  at 
very  small  angles  (smaller  than  the  reciprocal  of  the  average 
interparticle  distance).  In  utilizing  the  data  obtained  only 
between  0.02  and  0.05nm"^  in  s,  as  we  have  done,  the  distortion 
of  the  Guinier  law  by  the  interparticle  interference  was  largely 
avoided.  As  s  increases  the  Guinier  law  progressively  fails  to 
represent  the  single  particle  form  factor  adequately,  and  this 
leads  to  the  consequence  that  the  Guinier  analysis  tends  to 
overestimate  the  radius  of  gyration  of  monodisperse  particles. 
The  polydispersity  of  the  particles,  on  the  other  hand,  tends  to 
make  the  Guinier  estimate  fall  below  the  true  radius  of  gyration, 
and  the  errors  from  these  two  sources  largely  cancel  each  other. 
In  the  case  of  mixtures  containing  sample  75/25,  however,  the 
polydispersity  found  from  the  curve  fitting  was  very  large,  and 
consequently  the  radii  of  gyration  obtained  from  the  straight 
Guinier  analysis  were  smaller  by  as  much  as  20%  than  the  values 
determined  by  the  curve  fitting  procedure. 


RESULTS  AND  DISCUSSION 

Variation  of  the  z-average  radius  <R>2  of  the  micelle  core 

(<R>z2  =  <R®>/<R^>)  with  temperature  is  shown  in  Figure  3  for 

mixtures  containing  1*1%  sample  25/75,  4%  sample  50/50,  and  3% 

sample  75/25.  The  general  features  of  the  observed  behavior  are 

best  described  with  reference  to  the  curve  obtained  with  sample 

75/25,  in  which  we  observe  that  the  size  remains  fairly  constant 

up  to  ca.  90°C.  Above  this  temperature  <R>,  decreases  slightly 

before  passing  through  a  minimum  and  then  increasing  again  about 

20-40°  below  the  temperature  at  which  the  micelles  finally 

dissolve.  (In  the  example  shown,  the  micelles  dissolve  around 

192°C,  but  the  data  at  temperatures  above  160°C  are  too  imprecise 

to  permit  application  of  the  curve  fitting  procedure.)  The 

curves  obtained  with  samples  25/75  and  50/50  appear  to  show  the 

same  trends  but  are  shifted  to  lower  temperatures  in  accordance 

with  the  increased  degree  of  compatibility  between  the  copolymer 

and  homopolymer.  As  a  result,  sample  50/50  shows  only  the 

portion  of  the  curve  in  which  <R>Z  decreases,  passes  through  a 

minimum  and  then  increases  again,  whilst  sample  25/75  shows  only 

the  latter  increasing  portion  in  the  temperature  range  studied. 

In  addition,  the  increases  in  <R>  before  dissolution  appear  more 

2 

pronounced  as  we  move  from  sample  75/25  through  50/50  to  25/75. 

For  the  same  copolymer  the  variation  in  <R>Z  with  concentration 

is  very  minor  (probably  within  the  experimental  error),  except 

that  the  increase  in  <R>  before  dissolution  occurs  over  a 

2 

different  temperature  range  since  the  dissolution  temperature 
depends  on  concentration.  This  increase  in  <R>Z  at  higher 


temperatures  was  found  to  occur  for  all  mixtures  studied  with  the 
exception  of  those  containing  6 %  and  8%  of  sample  50/50.  These 
two  mixtures  set  themselves  apart  from  all  others  in  that  they 
are  the  only  two  which  give  a  low-angle  interparticle 
interference  maximum  in  the  scattering  curves  as  illustrated  in 
Figure  1.  Hence  the  tendency  for  <R>Z  to  increase  with 
temperature  before  dissolution  appears  to  be  a  characteristic  of 
micellar  suspensions  with  no  strong  correlation  between  micelles. 

Recently,  Selb  et  al.^1*  utilized  the  neutron  scattering 
technique  to  determine  the  core  radius  of  micelles  of 
styrene-butadiene  diblock  copolymers  suspended  in  polybutadiene 
matrix.  They  determined  <R>  from  the  position  of  a  subsidiary 
maximum  observed  in  their  scattering  intensity  curve.  One  of 
their  block  copolymers,  having  the  styrene  content  of  48%  and  the 
overall  molecular  weight  of  29000,  is  comparable  to  our  sample 
50/50.  The  core  radius  of  the  micelles  formed  by  this  copolymer 
was  determined  to  be  9.6  and  11.5nm  when  2%  of  the  copolymer  was 
mixed  at  room  temperature  with  poly  butadienes  of  molecular 
weights  1600  and  3300,  respectively.  Their  values  therefore 
agree  fairly  well  with  our  value  <R>Z  =  10.2nm  (see  in  Figure  3) 
obtained  at  room  temperature  with  the  mixture  containing  4% 
sample  50/50  in  poly  butadiene  of  molecular  weight  2350. 

The  ratio  <R^g>/<R>  was  found  to  be  approximately  constant 
for  mixtures  containing  the  same  copolymer,  and  was  equal  to 
ca.  2.0,  1.7,  and  1.4  for  samples  25/75,  50/50,  and  75/25, 
respectively.  These  ratios  follow  a  trend  as  expected  from  the 
relative  lengths  of  the  two  blocks  in  the  copolymer.  If  both  the 
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radius  of  the  core  and  the  thickness  of  the  corona  were 
comparable  to  the  average  end-to-end  distances  of  the  B  and  A 
blocks,  respectively,  the  ratios  would  have  been  equal  to 
2. 9-3-6,  2. 1-2. 5,  and  1.7-1. 9  for  the  three  copolymers.  (The 
ranges  reflect  the  uncertainties  in  the  literature  values^  of 
the  ratio  of  end-to-end  distance  to  molecular  weight  for 
polystyrene  and  poly  butadiene . )  The  observed  ratios  are  smaller 
than  these  idealized  values,  and  we  can  think  of  at  least  two 
reasons  for  this.  (1)  The  radii  of  the  core  given  in  Figure  3 
are  larger  than  the  end-to-end  distance  of  the  styrene  blocks, 
especially  in  the  case  of  samples  2 5/75  and  50/50  which  have 
relatively  short  styrene  blocks.  For  example,  the  observed  <R> 
for  sample  25/75  at  50°C  is  equal  to  ca.  Ilnm,  which  is  between 
the  estimated  rms  end-to-end  distance  5.5nm  and  the  fully 
extended  length  17.7nm.  (2)  The  chains  in  the  corona  are  much 

less  likely  to  be  stretched  and  therefore  the  thickness  of  the 
corona  is  probably  much  more  comparable  to  the  rms  end-to-end 
distance,  although  no  direct  measure  of  the  corona  thickness  is 
now  available.  The  hard  sphere  radius  <RHS>  deduced  from  the 
interparticle  interference  effect  should,  however,  be  smaller 
than  the  overall  radius  of  the  micelle  including  the  corona, 
since  the  strong  repulsion  between  micelles  probably  develops 
only  after  some  degree  of  overlap  between  two  coronae  has  been 
realized. 

In  the  curve  fitting  procedure  to  evaluate  the  best  values 
of  the  parameters,  the  polydispersity  parameter  Z  can  only  be 
determined  with  least  certainty,  because  the  value  of  Z  is  mostly 


governed  by  the  shape  of  the  scattering  curve  at  relatively  high 
s  where  the  intensity  I(s)  is  low  and  the  error  o(s)  high  (see 
Figures  1  and  2).  The  value  of  Z  is  affected  also  by  the 
features  of  the  model  itself,  for  example  whether  we  allow  the 
possibility  of  the  core-corona  interface  being  diffuse.  For  this 
reason  it  is  difficult  to  discuss  any  consistent  trend  in  the 
value  of  Z  with  the  variation  in  temperature  or  concentration. 
Among  the  three  copolymers,  however,  it  appears  that  the 
polydispersity  for  sample  75/25  is  always  larger  than  that  for 
sample  50/50  or  sample  25/75.  We  may  express  the  polydispersity 
by  the  more  familiar  ratio,  V/v  ,  which  is  related  to  Z  by 

Vw/Vn  =  <R6>/<R3>2 

=  (Z+6)(Z+5)(Z+4)/(Z+3)(Z+2)(Z+1)  (12) 

The  ratio  Vw/Vn  is  equal  to  2. 8*1. 2,  1.4*0. 3,  and  1.3±0.2  for 
samples  75/25,  50/50,  and  25/75,  respectively.  At  present  we  do 
not  have  any  explanation  as  to  why  sample  75/25  exhibits  a 
broader  distribution  of  micelle  sizes  than  other  samples. 

The  critical  micelle  concentration  (CMC)  can  be  determined 
if  we  plot  the  intensity  of  micellar  scattering  against 
concentration  and  extrapolate  the  plot  to  zero  intensity.  Either 
the  intensity  I(s)  at  a  fixed  s  or  the  invariant  Q,  obtainable 
from  integration  of  s^I(s)  over  s,  can  serve  the  purpose.  The 
determination  of  CMC  is  illustrated  in  Figure  4,  in  which  the 
intensity  I(s)  at  s  =  0.03nm"^  is  plotted  against  the 
concentration  of  sample  75/25.  The  points  exhibit  good  linear 
relationship,  and  as  a  result  the  CMC  can  be  determined  to  a  fair 


degree  of  precision.  At  higher  temperatures,  when  there  are 
insufficient  data  to  construct  such  plots,  we  have  used  the 
alternative  procedure  of  plotting  the  intensity  against 
temperature  at  various  concentrations.  This  is  analogous  to  the 
plot,  shown  previously  in  Part  I,  of  the  zero  angle  intensity 
1(0)  against  temperature,  in  which  it  was  observed  that  the  low 
angle  intensity  drops  suddenly  over  a  5-10°C  interval  as  the 
temperature  is  raised  to  the  point  at  which  the  micelles  finally 
dissolve. 

Variation  of  the  CMC  with  temperature,  as  determined  by 
these  two  complementary  methods,  is  illustrated  in  Figure  5  for 
the  three  copolymer  samples  studied.  Here  we  have  plotted 
temperature  against  CMC,  so  that  the  resulting  curves  resemble 
conventional  binodals  obtained  with  mixtures  which  undergo 
macroscopic  phase  separation.  The  levelling  off  of  the  curves 
suggests  a  limiting  temperature  above  which  micelle  formation 
will  not  occur  for  a  given  copolymer,  and  which  itself  is 
somewhat  sensitive  to  the  degree  of  compatibility  between  the 
copolymer  and  homopolymer.  We  estimate  that  these  upper 
temperatures  for  micelle  formation  lie  in  the  ranges  60-70°C, 
120-130°C,  and  210-220°C  for  sample  25/75,  50/50  and  75/25, 
respectively.  These  trends  are  in  qualitative  agreement  with  our 
expectation,  since  the  effective  interaction  energy  density  A 
between  a  copolymer  and  a  homopolymer  can  be  given^1* 
approximately  by  ( 1  -  fg )  ^ Agg ,  where  fB  denotes  the  fraction  of 
butadiene  in  the  copolymer  and  Agg  denotes  the  interaction  energy 
density  between  styrene  and  butadiene  homopolymers. 


The  volume  fraction  n  of  styrene  units  within  the  micelle 


core  and  the  number  N  of  micelles  per  unit  volume  can  be 
determined  by  noting  the  following  relations 

N<  If  (  0)  |2>  =  N(  Af)2<V2>  ( 13) 

<t>  =  N<V>n  +  4  c  ( 1  -N<V>  c3 )  (14) 

where  V  denotes  the  micelle  core  volume,  4>  and  <pc  denote  the 
overall  concentration  (volume  fraction)  of  styrene  units  in  the 
mixture  and  the  overall  styrene  concentration  at  the  CMC, 
respectively,  and  ;  is  the  ratio  FHS/R.  Equation  (13)  follows 
from  equation  (4).  The  first  term  in  equation  (14)  represents 
the  overall  volume  fraction  of  styrene  units  in  the  cores  and  the 
second  term  the  overall  volume  fraction  of  styrene  units  in  the 
matrix  outside  the  micelle  cores  and  coronae.  (It  assumes  that 
the  copolymer  molecules  dissolved  in  the  poly  butadiene  matrix  do 
not  penetrate  the  coronae.)  If  the  cores  are  swollen  with 
poly  butadiene  and  contain  only  a  fraction  n  of  styrene,  then  the 
electron  density  difference  between  the  micelle  cores  and  the 
homopolymer  matrix  is  equal  to  nAcgg,  where  Apgg  denotes  the 
corresponding  difference  between  pure  polystyrene  and 
poly  butadiene.  In  equations  (13)  and  (14)  the  parameters 
N<| F(0) |2>,  <V>,  <V2>,  and  c  are  obtained  by  the  curve  fitting 
procedure  described  in  the  previous  section,  $c  is  given  by  the 
CMC  determined  as  described  above,  and  4>  is  defined  from  the 
composition  of  the  mixture.  The  two  remaining  parameters  q  and  N 
can  therefore  be  obtained  by  solving  equations  (13)  and  (14) 
simultaneously . 


In  calculating  n  and  N,  ApgB  was  calculated  from  the 
following  relations  giving  the  temperature  dependence  of  the 
specific  volume  of  polystyrene  and  poly  butadiene .  For 

poly  sty  rene 


pS  =  0.9217  +  5 .412x10“^  + 

1 .687x10'7t2 

(above  Tg) 

( 15) 

pS  =  0.9369  +  2.006x10~H  + 

2.iJ70x10"7t2 

(below  T  ) 

C* 

( 16) 

for  poly  butadiene 

v  pB  =  1.113  8  + 

8 . 24x lO'^t 

( 17) 

where  t  is  in  degree  centigrade.  Equation  (15)  for  vp<,  above  T 
and  the  second  and  third  terms  in  equation  (16)  for  vps  below  Tg 
were  taken  from  Richardson  and  Savill.^7  The  first  term  in 
equation  (16)  was  calculated  from  equation  (15)  on  the  assumption 
that  the  Tg  for  the  swollen  polystyrene  core  is  around  M5°C,  for 
the  same  reason  as  was  discussed  in  Part  I.  Equation  (17)  for 
vpB  is  based  on  the  specific  volume  of  poly  butadiene  at  30°C 
determined  in  this  work  in  conjunction  with  the  temperature 
coefficient  obtained  from  the  1 i terature . ^ 

In  Figure  6  the  styrene  volume  fraction  n  is  plotted  as  a 
function  of  temperature  for  the  various  mixtures  indicated.  For 
a  particular  copolymer  the  variation  of  n  with  temperature  is 
fairly  similar  for  all  concentrations.  In  contrast,  the  behavior 
found  for  different  copolymers  shows  interesting  differences. 
With  sample  75/25  it  is  seen  that  n  values  remain  close  to  unity 
up  to  about  100°C  but  then  show  a  steady,  almost  linear,  decrease 
with  further  increase  in  temperature  before  the  micelles  finally 


disappear.  This  tendency  for  n  to  decrease  is  also  observed  with 
the  other  two  copolymer  samples  but  is  shifted  to  lower 
temperature.  Thus  there  is  again  a  suggestion  that  if 
measurements  could  be  made  at  temperatures  below  30°C,  then 
samples  25/75  and  50/50  would  show  curves  with  the  same  overall 
shape  as  found  with  sample  75/25,  but  with  n  falling  below  unity 
above  ca.  -20°C  and  +25°C  for  samples  25/75  and  50/50, 
respectively . 

The  value  of  n,  by  definition,  cannot  exceed  unity.  Some  of 
the  n  values  plotted  in  Figure  6  are  larger  than  one,  probably 
reflecting  the  error  in  its  evaluation.  The  value  of  n 
calculated  is  fairly  insensitive  to  variations  in  the  adjustable 
parameters  evaluated  by  minimization  of  e  in  equation  (11)  as 
long  as  they  give  a  reasonably  good  fit  to  the  observed  curve. 
Sets  of  parameter  values  with  <R>  differing  by  as  much  as  50% 
were  found  to  produce  a  difference  in  n  of  only  10%.  After  some 
effort  in  the  error  analysis  we  came  to  the  conclusion  that  the 
major  part  of  the  error  is  probably  in  the  calibration  of  the 
X-ray  instrument  with  respect  to  the  conversion  factor  required 
for  scaling  the  observed  intensity  into  absolute  units. 
Determination  of  this  conversion  factor  within  10%  error  is 
normally  difficult. 

The  dependency  on  temperature  of  the  micelle  number  density 
N  is  shown  in  Figure  7  for  mixtures  containing  3%  sample  75/25 
and  4%  sample  50/50.  Both  curves  exhibit  the  trend  of  going 
through  a  maximum  on  Increasing  the  temperature  before  the 
micelles  finally  dissolve.  We  observe  that  the  rise  and  fall  in 


N  occur  over  the  temperature  range  where  the  n  value  decreases 
steadily  as  seen  in  Figure  6  and  at  the  same  time  the  micelle 
core  radius  goes  through  a  minimum  as  seen  in  Figure  3«  The 
temperature  range  in  which  it  was  feasible  to  study  sample  25/75 
(up  to  50°C)  is  such  that  there  is  insufficient  data  to  state 
whether  a  trend  of  N  increasing  to  a  maximum  would  also  be 
observed  for  this  third  copolymer. 

Summarizing  the  results  given  above,  it  can  be  stated  that, 
in  general,  the  same  overall  trends  in  behavior  with  increasing 
temperature  occur  for  all  three  copolymer  samples  studied,  but 
the  features  are  shifted  to  higher  temperatures  as  the  degree  of 
copolymer-homopolymer  compatibility  decreases  as  a  result  of 
increased  styrene  block  lengths.  Thus,  when  the  two  polymers  are 
highly  incompatible,  the  copolymer  aggregates  in  the  form  of 
micelles  with  cores  consisting  almost  exclusively  of  copolylmer 
styrene  blocks.  As  the  temperature  is  raised,  the  system  enters 
an  intermediate  region  in  which  the  formation  of  micelles  is 
still  energetically  favored  but  with  some  poly  butadiene  in 
addition  to  copolymer  styrene  blocks  present  in  the  cores. 
Finally,  as  the  temperature  is  increased  still  further,  the 
micelles  dissolve  over  a  fairly  narrow  temperature  range  and  the 
mixture  forms  a  single  homogeneous  phase,  in  which  the  copolymer 
molecules  are  dispersed  at  random.  Within  the  region  of  strong 
incompatibility  the  micelle  size  remains  essentially  independent 
of  change  in  temperature.  In  the  adjoining  region  of 
intermediate  degree  of  compatibility  the  micelle  core  size  at 
first  decreases  but  subsequently  passes  through  a  minimum  before 


increasing  again  as  the  dissolution  temperature  is  approached. 

The  finding  that  significant  amounts  of  poly  butadiene  can  be 
present  in  the  micelle  cores  is  unexpected.  Under  identical 
conditions  a  styrene  homopolymer  with  molecular  weight  equal  to 
that  of  the  copolymer  styrene  block  will  barely  dissolve  any 
butadiene  homopolymer . ^  Accordingly,  it  is  important  to  enquire 
whether  the  occurrence  of  n  values  below  unity  might  not  result 
from  errors  in  their  evaluation.  In  equation  (14)  the  second 
term  is  to  account  for  the  copolymer  molecules  dissolved  in  the 
homopolymer  matrix  surrounding  the  micelles.  In  writing  this 
term  it  is  assumed  that  the  block  copolymer  molecules  are  not 
allowed  to  penetrate  the  coronae  at  all.  Any  error  in  this 
assumption  or  errors  in  the  values  of  4>c  and  C  (the  ratio  of  the 
overall  radius  to  the  core  radius)  would  affect  the  value  of  this 
term  as  a  whole.  The  relative  magnitude  of  the  second  term  in 
comparison  to  the  first  term  increases  as  the  temperature  is 
raised  toward  the  dissolution  temperature  and  thereby  4>c 
approaches  the  overall  polymer  concentration  <f> .  The  error 
arising  from  this  source  would  then  be  the  highest  with  mixtures 
containing  the  smallest  amount  of  the  copolymer.  However,  the 
tendency  for  n  to  decrease  almost  linearly  with  increasing 
temperature  is  very  similar  for  all  concentrations  of  a  given 
copolymer,  as  seen  in  Figure  6,  and  suggests  that  the  n  values 
smaller  than  unity  cannot  be  attributed  to  the  error  in  the 
second  term  of  equation  (14). 

Another  possible  source  of  error  in  n  arises  in  the 
calibration  of  the  X-ray  scattering  instrument  to  determine  the 
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conversion  factor  for  scaling  the  observed  Intensity  into 
absolute  electron  units,  as  mentioned  already.  There  is  no 
reason  to  believe  that  this  conversion  factor  changes  with  change 
in  the  sample  temperature  when  the  rest  of  the  instrument  is 
always  at  room  temperature.  The  n  values  smaller  than 
anticipated  mean  that  the  scattered  intensity  observed  is  not  as 
strong  as  would  have  been  otherwise.  We  interpret  this  to  mean 
that  the  electron  density  contrast  between  the  core  and  the 
surrounding  matrix  is  reduced  as  a  result  of  dilution  of  styrenes 
in  the  core  by  butadiene  units.  We  may  inquire  about  another 
possibility  by  which  the  scattered  intensity  could  be  reduced. 

If  the  mixture  were  to  undergo  macroscopic  phase  separation,  with 
the  phase  rich  in  copolymer  precipitating  out,  then  the  reduced 
amount  of  copolymer  present  in  the  micelle-containing  phase  would 
reduce  the  number  density  of  micelles  in  the  system.  No  evidence 
for  occurrence  of  such  macrophase  separation  was  noted  in  the 
concentration  range  studied  in  this  work.  Although  some  of  the 
more  concentrated  mixtures  appear  slightly  turbid,  no  change  in 
their  appearance  or  in  the  scattering  intensity  can  be  noted  with 
time  even  when  the  sample  was  observed  for  several  days. 
Attempts  to  induce  separation  into  layers  using  a  laboratory 
centrifuge  have  been  similarly  unsuccessful. 

The  value  of  n  lower  than  unity  merely  indicates  that  the 
styrenes  in  the  core  are  diluted  by  butadienes,  without 
suggesting  the  source  of  the  butadienes.  Because  of  its  low 
molecular  weight,  the  homopolymer  is  most  likely  the  major 
component  to  swell  the  core,  but  some  of  the  butadiene  blocks  of 


the  copolymer  may  also  find  themselves  there.  The  radii  of  core 
given  in  Figure  3  are  all  larger  than  the  average  end-to-end 
distance  of  the  respective  styrene  blocks  involved,  suggesting 
that  they  are  considerably  stretched.  When  no  diluent  is 
present,  such  stretching  is  forced  upon  them  by  the  necessity  to 
maintain  a  uniform  mass  density.  With  diluent  present,  the 
entropic  cost  of  stretching  the  chain  could  be  somewhat 
alleviated  by  distributing  the  diluent  molecules  more  toward  the 
center  of  the  core.  It  is  conceivable  that  in  the  extreme 
situation  the  core  itself  may  acquire  a  two-zone  structure  of  the 
butadiene  inner  core  surrounded  by  styrene  shell,  which  in  turn 
is  surrounded  by  the  butadiene  corona,  or  that  the  micelle  may 
even  adopt  a  shape  different  from  sphere.  The  data  available  in 
this  work  are  not  sufficient  by  themselves  to  ascertain  whether 
any  of  these  possibilities  might  have  been  realized.  Our 
analysis  of  the  X-ray  intensity  data  is  based  on  the  assumption 
of  spherical  cores  having  uniform  electron  density  in  it.  If 
this  assumption  turns  out  to  be  not  strictly  correct,  then  some 
of  the  numerical  results,  especially  those  at  high  temperatures, 
could  be  modified,  but  the  extent  of  such  modification  would  be 
small,  and  in  any  case  all  the  semi-quantitative  conclusions 
drawn  should  remain  valid. 
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LEGEND  TO  FIGURES 


Figure  1 


Figure  2 


Figure  3 


Figure  4 


The  scattered  X-ray  intensity  I(s)  (after  correction 
for  slit-smearing  effect)  is  plotted  against  s 
(=  2  sin  (/A)  to  illustrate  the  fit  achieved  by  the 
calculated  curves.  The  points  are  the  experimental 
data  obtained  at  30°C  with  a  mixture  containing  8% 
sample  50/50,  the  solid  curve  is  the  calculated  best 
fit  achieved  by  adjustment  of  four  parameters 
including  the  polydispersi ty  parameter  Z,  and  the 
broken  curve  is  the  best  fit  obtained  with 

monodispersity  assumption.  Note  the  low  angle  peak 
which  arises  as  a  result  of  interparticle 

interference. 

The  points  are  the  observed  intensity  data  (after 
desmearing)  obtained  at  30°C  with  a  mixture  containing 
3%  sample  75/25,  the  solid  curve  is  the  best  fit 
obtained  with  polydispersity  effect  included,  and  the 
broken  curve  is  the  best  fit  obtained  with 

monodispersity  assumption. 

The  z-average  radius  <R>z  0f  the  core  is  plotted 
against  temperature  for  the  three  series  of  mixtures 
indicated. 

The  plot  illustrates  the  method  used  for  determining 
the  critical  micelle  concentration.  The  X-ray 
intensity  I(s)  at  s  =  O.OSOnnT1  obtained  with  mixtures 
containing  sample  75/25  is  plotted  against  the 
concentration  of  the  copolymer.  The  data  points 
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obtained  at  a  temperature  lie  on  a  good  straight  line, 
and  its  extrapolation  to  I(s)  =  0  gives  the  critical 
micelle  concentration . 


Figure  5.  The  critical  micelle  concentrations  of  the  three 

copolymer  samples  in  polybutadiene  are  plotted  against 
temperature . 

Figure  6.  Temperature  variation  of  the  volume  fraction  n  of 
styrene  in  micelle  cores.  Sample  75/25  —  aolid 
square,  It;  solid  triangle,  1%;  solid  diamond,  1.5%; 
solid  circle,  3%.  Sample  50/50  --  open  square,  1%; 
open  triangle,  2%;  open  diamond,  4%.  Sample  25/75  — 
solid  circle,  1M%. 


Figure  7.  Temperature  variation  of  the  number  of  micelles  per 
unit  volume  of  mixture. 


Table  1 

Characterization  of  Samples  Used 


Dlblock  Copolymer 


25/75 

Z5Z25 

Mn 

27000 

25000 

21000 

Mw/Mn 

1.04 

1 .04 

1 .05 

%  trans.  1.4 

42 

45 

48 

%  cis.  1.4 

28 

24 

24 

Styrene  content 


Temperature  (°C) 


Copolymer  Concentration  (wt  %) 


Critical  Micelle  Concentration  (wt  %  copolymer) 


Temperature  (°C) 


Temperature  (°C) 
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